ADDITIONAL INDEX WORDS. normalized difference vegetation index, ratio vegetation index, turfgrass quality, percent green cover, surface firmness SUMMARY. Quantitative spectral reflectance data have the potential to improve the evaluation of turfgrasses in variety trials when management practices are factors in the testing of turf aesthetics and functionality. However, the practical application of this methodology has not been well developed. The objectives of this research were 1) to establish a relationship between spectral reflectance and turfgrass quality (TQ) and percent green cover (PGC) using selected reference plots; 2) to compare aesthetic performance (TQ, PGC, and vegetation indices) and functional performance (surface firmness); and 3) to evaluate lignin content as an alternate means to predict surface firmness in turfgrass variety trials of hybrid bermudagrass [Cynodon dactylon · C. transvaalensis]. A field study was conducted on mature stands of three varieties ('Tif Tuf ', 'TifSport', and 'Tifway') and two experimental lines (04-47 and 04-76) at two mowing heights (0.5 and 1.5 inch) and trinexapac-ethyl application (0.15 kgÁha L1 and nontreated control) treatments. Aesthetic performance was estimated by vegetation indices, spectral reflectance, visual TQ, and PGC. The functional performance of each variety/line was measured through surface firmness and fiber analysis. Regression analyses were similar when using only reference plots or all the plots to determine the relationship between individual aesthetic characteristics. Experimental line 04-47 had lower density in Apr. 2010, whereas varieties 'Tif Tuf ', 'TifSport', and 'Tifway' were in the top statistical group for aesthetic performance when differences were found. 'TifSport' and 'Tifway' produced the firmest surfaces, followed by 'Tif Tuf ', and finally 04-76 and 04-47, which provided the least firm surface. Results of leaf fiber analysis were not correlated with turf surface firmness. This study indicates that incorporating quantitative measures of spectral reflectance could reduce time and improve precision of data collection as long as reference plots with adequate range of green cover are present in the trials.
SUMMARY. Quantitative spectral reflectance data have the potential to improve the evaluation of turfgrasses in variety trials when management practices are factors in the testing of turf aesthetics and functionality. However, the practical application of this methodology has not been well developed. The objectives of this research were 1) to establish a relationship between spectral reflectance and turfgrass quality (TQ) and percent green cover (PGC) using selected reference plots; 2) to compare aesthetic performance (TQ, PGC, and vegetation indices) and functional performance (surface firmness); and 3) to evaluate lignin content as an alternate means to predict surface firmness in turfgrass variety trials of hybrid bermudagrass [Cynodon dactylon · C. transvaalensis]. A field study was conducted on mature stands of three varieties ('Tif Tuf ', 'TifSport', and 'Tifway') and two experimental lines (04-47 and 04-76) at two mowing heights (0.5 and 1.5 inch) and trinexapac-ethyl application (0.15 kgÁha L1 and nontreated control) treatments. Aesthetic performance was estimated by vegetation indices, spectral reflectance, visual TQ, and PGC. The functional performance of each variety/line was measured through surface firmness and fiber analysis. Regression analyses were similar when using only reference plots or all the plots to determine the relationship between individual aesthetic characteristics. Experimental line 04-47 had lower density in Apr. 2010, whereas varieties 'Tif Tuf ', 'TifSport', and 'Tifway' were in the top statistical group for aesthetic performance when differences were found. 'TifSport' and 'Tifway' produced the firmest surfaces, followed by 'Tif Tuf ', and finally 04-76 and 04-47, which provided the least firm surface. Results of leaf fiber analysis were not correlated with turf surface firmness. This study indicates that incorporating quantitative measures of spectral reflectance could reduce time and improve precision of data collection as long as reference plots with adequate range of green cover are present in the trials. F or decades, visual assessments of turfgrass color, density, uniformity, quality, and cover have been used in variety trials (Horst et al., 1984; Morris, 2000) . The National Turfgrass Evaluation Program (NTEP) developed protocols for visually assessing turfgrasses, which are widely used and recognized by turf researchers (Morris and Shearman, 1998) . In recent years, more quantitative methods (i.e., digital image analysis and spectral reflectance) have been developed to supplement visual ratings to minimize subjectivity. For example, spectral reflectance from turfgrass canopies has been used for quantifying turfgrass cover and/or quality (Jiang and Carrow, 2007; Trenholm et al., 1999; Xiong et al., 2007) . Spectral reflectance of a turfgrass canopy is a function of absorption of visible light by chlorophyll and carotene content (amount not type) (Daughtry, 2000; Jacquemoud et al., 1996) , whereas reflectance of near-IR (NIR) light is associated with water and leaf turgor, which attenuate absorbance features associated with lignin and cellulose (Murphy, 1995) . These characteristic features of plant reflectance make remote sensing technologies an ideal method for quantitatively assessing turf quality attributes. Despite many efforts to establish the relationship between spectral reflectance and turfgrass cover and/or quality (Bell et al., 2013) , its direct and practical use in turfgrass science has not yet been proposed. If selected reference plots can be used to determine the relationship between spectral reflectance and turfgrass cover and/or quality with regression, there is potential to reduce the number of visual ratings or photographic images needed in a large variety trial.
Hybrid bermudagrasses have been widely used on golf courses, athletic fields, residential, and commercial landscapes due to their high aesthetic appearance, tolerance to variable mowing heights, and good recuperative ability from traffic (Beard, 2002; Karcher et al., 2005; Trenholm et al., 2000b) . In variety trials, evaluation of genotypic responses to different cultural practices provides valuable information on the management of experimental lines once they are released. Cultural practices such as frequent mowing at varying heights and trinexapac-ethyl (TE) application are routine maintenance for bermudagrass. The effects of TE on growth inhibition are well documented in many turfgrass species (Ervin et al., 2002; McCarty et al., 2004; McCullough et al., 2007) . Other positive effects of TE include increased chlorophyll content levels (Ervin and Koski, 2001 ), turfgrass quality (Jiang and Fry, 1998) turfgrass performance under abiotic stress (Ervin et al., 2002; McCann and Huang, 2007) . Besides aesthetic performance, functional performance such as surface firmness is also an important characteristic of hybrid bermudagrasses, because they are widely used on athletic fields and golf courses. Surface firmness has been directly associated with injuries and playability (Beard and Green, 1994) . Surface firmness can be influenced by multiple factors such as turfgrass variety, thatch accumulation, soil moisture content, soil texture, bulk density, and management practices (Linde et al., 2011) . Devices such as the Clegg impact soil tester [CIST (Lafayette Instrument Co., Lafayette, IN)] or TruFirm turf firmness meter (U.S. Golf Association, 2009) can be used to measure surface firmness. An inverse relationship (R 2 = 0.75) was found between the two devices when they were used to measure putting green firmness with different soil physical conditions (Linde et al., 2011) . Fiber analyses provide an estimate of leaf fiber content (i.e., lignin), which has been reported to be associated with turf wear tolerance (Shearman and Beard, 1975; Trenholm et al., 2000a) , leaf texture, and thatch accumulation (Meinhold et al., 1973) . The association of leaf fiber content and surface firmness has yet to be determined.
The objectives of the study were 1) to establish a relationship between spectral reflectance and TQ and PGC using selected reference plots; 2) to compare aesthetic performance (TQ, PGC, and vegetation indices) and functional performance (surface firmness) among three hybrid bermudagrass varieties and two experimental lines; and 3) to investigate if turfgrass lignin content as estimated by fiber analysis is useful to predict surface firmness of hybrid bermudagrasses in a variety trial under different mowing heights and TE application. Ground truth and remotely sensed data were collected concurrently four times: 29 Apr. 2010, 18 June 2010, 27 Apr. 2011, and 28 June 2011. Spring assessments were selected as a benchmark for turfgrass leaving dormancy and summer assessments were selected as a benchmark for turfgrass at the peak growth. Ground truth consisted of visual ratings of TQ, PGC, and canopy reflectance. Visual TQ ratings were collected by a single researcher using a scale of 1 to 9, where 1 equaled a dead plot, 6 and greater being acceptable, and 9 being optimum turf (Morris and Shearman, 1998) . PGC was estimated from digital images collected using a digital camera (Powershot G5; Canon, Tokyo, Japan) mounted to an enclosed photo box (0.31 m 2 ) with four 9-W compact fluorescent lamps (TCP; Lighthouse Supply, Bristol, VA). Each image was analyzed using SigmaScan Pro (version 5.0; Systat Software, San Jose, CA) for PGC (0% to 100%) using a hue range from 60 to 120 and saturation range from 10 to 100 as outlined by Richardson et al. (2001) . Canopy reflectance was measured using a canopy sensor (CropCircle ACS470; Holland Scientific, Lincoln, NE), equipped with a decimeter level global positioning system [GPS (Raven Industries, Sioux Falls, SD)]. The canopy sensor measured light reflectance in three spectral bands centered on 550 (green), 650 (red), and 730 nm (NIR) using a modulated polychromatic light-emitting diode array (emission form 430-850 nm). The modulated, active light source adjusts for differences in ambient light conditions during data collection. The sensor has a field of view of 32°· 6°, and collects 10 samples per second. The system was mounted to a mobile cart at %2 ft aboveground with a target area of 35 · 6.4 cm. Data were collected between 10:00 AM and 2:00 PM, recorded to a data card and processed using the TurfScout Ò platform (TurfScout, Greensboro, NC). TurfScout Ò outputs cleaned, clipped, and labeled data to a standardized output and map file. Cleaning consists of eliminating data points that are above or below the established tolerances for expected reflectance. The outputs (plot and treatment summaries of reflectance) were used to relate spectral reflectance to PGC and TQ. In addition to the individual spectral bands, two common vegetative indices were evaluated: ratio vegetation index (RVI) and normalized difference vegetation index (NDVI) as follows:
Materials and methods
Surface firmness was measured in Dec. 2009 and Jan. 2011 using a 2.25-kg CIST and the TruFirm turf firmness meter. For the CIST, the ratio of maximum negative acceleration on impact in units of gravities to the acceleration due to gravity (G max ) from the first and fourth drop was recorded, and within 5 cm of the indent, the hammer of the turf firmness meter was dropped and the first reading was recorded. Leaf samples were collected in Jan. 2011 and the tissues were individually ground in a Wiley mill (1 mm). Samples of dried material were also used for quality determinations, which included in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), and acid detergent fiber (ADF), which were estimated by near-IR spectroscopy (NIRS) (Foss NIRSystems, Silver Spring, MD) from calibrations previously determined. To verify NIRS estimates, triplicate ground samples (0.5 g) from representative treatment entries were subjected to IVDMD as described by Tilley and Terry (1963) and modified by Marten and Barnes (1980) . Fiber analyses including NDF and ADF were determined sequentially (Van Soest et al., 1991) using the Ankom filter bag (Ankom Technology Corp., Fairport, NY) method (Vogel et al., 1999) .
DATA ANALYSIS. All data were subjected to an analysis of variance using SAS (version 9.4; SAS Institute, Cary, NC). Due to a significant interaction between date and variety/ line, parameters including PGC, NDVI, and TQ were presented by date. Means were separated using Tukey's honestly significant difference test. There was no interaction found for surface firmness measurements, thus data from different dates were pooled and a covariance component was included in the model. Relationships between spectral outputs, TQ and PGC, were evaluated using basic regression and Pearson correlation in SigmaStat (version 3.5, Systat Software). Factors included sampling date, hybrid bermudagrass varieties/lines, mowing height, and TE applications. Pearson correlation coefficients were used to evaluate the strength of the relationship between TQ or PGC and reflectance variables (RVI, NDVI, red, green, and blue). For each sampling date, 11 standard reference plots were selected at uniform intervals of NDVI or RVI across the range of data. Regression relationships were then fitted between the reference plots and vegetation indices (NDVI and RVI). In practice, reference plots could be used to minimize the number of light box images or turf quality ratings necessary to adequately predict PGC and TQ at unsampled locations using reflectance measurements as a proxy. Observed root mean square error (RMSE) was calculated based on the estimates of PGC or TQ from both 11 reference plots and all the data points using fitted models.
Results and discussion
EVALUATING HYBRID BERMUDA-GRASS USING SPECTRAL REFLECTANCE.
Positive relationships were found between PGC and vegetation indices (RVI and NDVI) as indicated by Pearson correlation coefficients at four sampling dates, ranging from 0.61 to 0.87 (a = 0.05, Table 2 ). This agreed with previous studies reporting that NDVI is correlated closely with density and percent live cover of the turf canopy (Bell et al., 2002; Bremer et al., 2011; Trenholm et al., 1999) . Percent green cover was negatively correlated with spectral reflectance in the red and green bands, and it was positively correlated with NIR reflectance, similar to what was observed by Bremer et al. (2011) , who also found that the greater absorption of red light resulted from higher leaf chlorophyll content. In our study, the higher chlorophyll content was mostly attributed to higher PGC. Nonvisible NIR reflectance is primarily associated with internal leaf scattering (Knipling, 1970) and its increase was probably due to the lower number of senesced leaves at higher PGC. Data collected = not significant at P = 0.05.
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in April generally had higher correlation coefficients than in June, and this was due to a greater range in PGC in April compared with June (Table 2 ). Turfgrass quality in April was correlated with vegetation indices and spectral reflectance (Table 3) ; however, it was not correlated with vegetation indices in June and its relationship with spectral reflectance was also inconsistent compared with PGC. Lack of variability within the June dataset might be the reason why no correlation was established between TQ and the vegetation indices.
In general, the RVI and NDVI vegetative indices were both well correlated with PGC, but NDVI had slightly higher correlation coefficient than RVI. This could occur because NDVI is more sensitive when vegetation cover is sparse rather than fully covered, and the calculation of NDVI is designed to minimize spectral contributions from bare soil and senesced vegetation (Fitz-Rodr ıguez and Choi, 2002; Jensen, 2007) . There have been fewer studies to determine the relationship between RVI and TQ and/or PGC. Most of the research has focused on using NDVI to predict TQ and/or PGC (Bremer et al., 2011; Trenholm et al., 1999; Xiong et al., 2007) . In our trials, a quadratic relationship between RVI and PGC/ TQ was the best fit for both the reference plots (n = 11, (Figs. 1A and 2A) and all plots (n = 60, Figs. 1B and 2B), but a linear relationship was stronger between NDVI and PGC/TQ (Figs. 1C, D and 2C, D) . Figures 1 and 2 only demonstrate the regression results from Apr. 2010. Regression analysis from other sampling dates is listed in Table 4 . Regression results from the 11 reference plots well represented regression results using all data points as indicated by similar RMSEs from each, except in the summer 2010, where a significant relationship between RVI and PGC was not found in the reference plots. Moreover, due to the narrow range of data collected in summer (June), the ability to predict PGC or TQ based on RVI or NDVI was limited in our study. Therefore, when reference plots for future variety trials are selected, standard varieties that exhibit a wide range in PGC should be included. Nevertheless, our results indicated that spectral reflectance has promise as a tool to incorporate quantitative measures of turfgrass performance during the selection process, and at the same time, reduce the time and labor involved for data collection. If the goal was to differentiate treatment effects, a regression may not be necessary, as an analysis of variance on spectral reflectance data would be sufficient. Regression between spectral reflectance and PGC or TQ would translate the data into more comparable results.
AESTHETIC TURF PERFORMANCE AS AFFECTED BY VARIETY /LINE, MOWING HEIGHT AND TE APPLICATION. Aesthetic turf performance of the evaluated hybrid bermudagrass indicated by TQ, PGC, and vegetation indices were affected differently by the management treatments of mowing height and TE application in all four sampling dates (Tables 5-7 ). In Apr. 2010, the PGC of hybrid bermudagrass was affected by variety/line, mowing height, and TE application ( Table 5 ). The three-way interaction was caused by the lack of response of 'Tifway' mowed at 0.5 inch to the TE application (data not shown). 'TifTuf' (88.6%) had greater PGC than 04-47 (49%) and 04-76 (68.7%). Both higher mowing height and TE application increased PGC. Mowing height was the only significant factor in June 2010, although the differences were minimal (3.7% in PGC difference). No significant treatment effects were found in Apr. 2011, and variation of PGC among varieties/lines in June 2011 was minimal (84.3% to 92%). On average, the hybrid bermudagrasses under TE application had 2.5% more PGC than the NTC plots. The effect of variety/ line, mowing height, and TE application on the NDVI was similar to PGC in Apr. 2010 (Table 6) , and the effect of mowing height extended into June 2010 and Apr. 2011. Both the experimental lines 04-47 and 04-76 have coarse leaf texture and dark green color. The reduced density of 04-47 in Apr. 2010 was partly due to slower spring green-up; however, throughout the remainder of the study, the NDVI and PGC of 04-47 increased Eleven data points were used to fit the regression between RVI and PGC; (B) all the data points were used; (C) 11 data points were used to fit the regression between NDVI and PGC; (D) all the data points were used. Observed root mean square error (RMSE) of all the models were calculated based on all data points collected.
and remained in the top statistical grouping. 'TifTuf' forms a dense canopy with fine leaf texture and is lighter green. Its overall aesthetic performance was in the top statistical group, except for lower NDVI than 04-47 in June 2010. 'TifSport' and 'Tifway' have been standards within the industry for decades and possess a relatively fine leaf texture, moderate green color, and strong density. Their aesthetic performances were similar to 'TifTuf' in this well-irrigated variety trial.
Measurements of PGC and NDVI agreed with each other and were equally adequate in differentiating treatments in our study. Visual ratings of TQ were less sensitive in finding differences among treatments. In Apr. 2010, the TQ of hybrid bermudagrass varieties/lines was not impacted by TE application, except for in 04-76 where TQ increased with TE application (Table 7) . 'TifTuf' treated with TE had better TQ than 04-47 and 04-76 in the NTC. In June 2010, differences among varieties/lines and TE application were not found, but the average TQ at 0.5-inch mowing height was greater than when mowed at 1.5 inch. In Apr. 2011, the TQ of plots at the lower mowing height increased under TE application, but in June 2011, the average TQ of hybrid bermudagrasses in the 1.5-inch mowing height treatment decreased under TE application. In general, there were no consistent effects throughout the year associated with TE or mowing height treatments. Lower mowing height tended to have higher TQ in summer (June), and the effect of TE application was inconclusive. Increased turfgrass density and TQ have been reported in bermudagrass treated with TE (McCarty et al., 2011), but Kowalewski et al. (2014) reported a decline in TQ on hybrid bermudagrass under TE application coupled with reduced frequency of mowing.
FUNCTIONAL TURF PERFORMANCE AS INDICATED BY SURFACE FIRMNESS
AND FIBER ANALYSIS. Surface firmness varied among hybrid bermudagrasses for both the first and the fourth G max readings from the CIST (Fig. 3A and  B) . In these trials, 'TifSport' and 'Tifway' had the firmest surfaces, 04-76 and 04-47 had the least firm surfaces, and 'TifTuf' was in between (Fig.  3B) . The TruFirm turf firmness meter provided less separation among accessions, but both methods found 04-47 to have the least firm surface (Fig.  3C) . Turf firmness meter measurements also indicated that the lower mowing height resulted in firmer playing surfaces than grasses mowed at the higher height (Fig. 3D) . Pearson correlation coefficients found that turf firmness meter measurements were inversely correlated with those from the CIST (-0.34, P < 0.01, Table 8 ). Linde et al. (2011) also reported that both of the devices were useful in measuring surface firmness. In our research, the reading of the fourth drop seemed to provide more genotypic separation and was better correlated with the turf firmness meter compared with the first drop reading. Additionally, there were no correlations found between surface firmness and the individual estimates from the fiber analysis, which was partly due to lack of variation in NDF and ADF among the varieties/ lines included in this study. Further research among wider selection of bermudagrass varieties is needed to determine if a genotypic relationship for surface firmness is present. In summary, this study demonstrated that spectral reflectance is a promising tool for incorporating quantitative measures of turfgrass performance into a variety trial, while potentially reducing the time and labor involved in data collection efforts if reference plots with adequate range of green cover can be included. Both RVI and NDVI were good indicators of PGC and TQ when variability was present. This study was conducted across multiple factors such as variety/line, mowing height, and TE application. No significant interaction of vegetation indices was found between any combinations of factors except for sampling date (Table 6) , which suggests that it is not necessary to separate treatments when predicting PGC and/or TQ based on vegetation indices, but ground truth measurement of PGC and/or TQ need to be collected simultaneously with spectral reflectance on standard reference varieties. The aesthetic performance of Eleven data points were used to fit the regression between RVI and TQ; (B) all the data points were used; (C) 11 data points were used to fit the regression between NDVI and TQ; (D) all the data points were used. Observed root mean square error (RMSE) of all the models were calculated based on all data points collected. Observed RMSE of the model was calculated based on all data points.
w Not applicable due to the model was not significant. *, **, *** Indicate significance at 0.05, 0.01, and 0.001 P level, respectively. Trinexapac-ethyl application.
• February 2017 27(1) 'Tif Tuf' was similar to 'TifSport' and 'Tifway', and was in the top statistical groups for all of these traits. 'TifSport' and 'Tifway' had firmer surfaces than 04-76 and 04-47, with 'Tif Tuf' falling in between when measured with both the CIST and turf firmness meter. Mowing the turf plots at a height of 1.5 inch also resulted in less firm surfaces than when mowed at a height of 0.5 inch. In addition, results of leaf fiber analysis were not correlated with turf surface firmness and more research is needed to determine if this tool can be used successfully in turfgrass breeding. 
